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NEURAL MECHANISMS UNDERLYING SPECIFIC  
VISUAL TASKS DURING SELF-MOTION 
YANSONG GENG 
ABSTRACT 
 Object movement detection during observers’ self-motion is critical in navigation. 
Given ample optical available variables, which of them would be used would help us 
reveal the strategies being employed. In this work, using functional magnetic resonance 
imaging (fMRI) methods, we investigated the neural substrate underlying specific visual 
motion related tasks, such as time to passage (TTP), depth parallax, and collision. Using a 
visual search paradigm implemented with MATLAB, we developed a psychophysical 
task to investigate how the target characteristics (initial depth, initial eccentricity, and 
independent velocity), spatial attention, and heading estimation would affect visual 
search, for better understanding the mechanisms involved in object movement detection 
during self-motion. 
The fMRI analysis shows that: 1. Bilateral precentral sulcus (PreCS), postcentral 
sulcus (PostCS) and bilateral hMT are strongly activated during the TTP task.  2. Cortical 
regions along the dorsal visual processing pathway, including bilateral hMT, superior 
parietal gyrus (SPG), PostCS, PreCS and superior frontal gyrus (SFG), play important 
roles in our depth perception test. 3. In the collision test, similar activation pattern has 
been found in normal controls and stroke patients with visual deficits, intraparietal sulcus 
(IPS), SPG, supplementary area (SMA) and premotor regions are highly activated. The 
psychophysical results in visual search tasks indicate targets located in central visual field 
 vii 
and target placed closer to the observer are easier to detect, looming distractor demands 
attention, the detrimental effect increases with the increasing of the target eccentricity 
level, no preference has been found in visual search among different heading directions in 
this test. 
In summary, cortical regions along visual motion processing pathway are highly 
involved in object movement detection during self-motion, the observers will take 
flexible strategies when different optical cues are provided.  
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CHAPTER 1. INTRODUCTION 
In our daily lives, we experience lots of visual related activities, such as catching 
a coming basketball, avoiding hitting someone when walking on a crowded street, and 
driving along a curving tunnel.  
There are multiple sources of visual information for people to utilize in visual 
related tasks, although people may not even realize their existence. For example, when 
driving on a highway we estimate how long it would take to pass other cars by how fast 
their contours are expanding, we estimate the distance with front car by its size, and we 
turn based on the moving patterns of other objects on our retina, which is also known as 
optic flow. Therefore, the mechanisms of visual tasks, especially motion related tasks, are 
essential to our lives.  
The thesis aims to reveal the mechanisms deployed in motion related visual tasks, 
and to investigate the neural substrate underlying such tasks.  
In Chapter 2, we studied functional magnetic resonance imaging (fMRI) data to 
investigate the neural activities in time-to-passage (TTP) judgements. By comparing both 
the behavioral performances in fMRI environment and Blood Oxygen Level Dependent 
(BOLD) signals under different conditions, we found that bilateral precentral sulcus 
(PreCS), postcentral sulcus (PostCS) and middle temporal gyrus (MTG) play important 
roles in TTP task, and people would take multiple sources of visual information when 
expansion cues are not available. 
In Chapter 3, we investigated the neural activities in depth perception using fMRI, 
given binocular parallax cues. We found that bilateral hMT areas are highly activated, we 
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also found cortical regions along dorsal pathway, such as superior parietal gyrus (SPG), 
postcentral sulcus (PostCS), precentral sulcus (PreCS) and superior frontal gyrus (SFG), 
are also highly involved in this task. 
In Chapter 4, we studied the neural correlates of the potential collision detection. 
All the normal control subjects and four stroke patients with visual deficits show similar 
activation pattern, intraparietal sulcus (IPS), superior parietal gyrus (SPG), 
supplementary motor area (SMA) and premotor cortex show highly involvement in this 
test. Although similar activation pattern has been found in each of the patients, patient 
LMV2009_P11 has more activation in the medial cortices rather than the lateral cortices, 
and patient LMV2010_P02 has few activation on the inferior parietal regions. The results 
suggest a common neural mechanism in higher-order motion related visual tasks 
processing, for both normal controls and stroke patients. 
In Chapter 5, we designed a new visual search paradigm, based on previous work 
in our lab. We first studied the influence of initial target location, including the 
eccentricity level and depth level, given different coherence levels, then tested how the 
onset time and duration of the target would affect, given a looming distractor, and finally 
investigated the visual search under different heading direction, as well as the heading 
estimation ability. The psychophysical results from the first subtest indicated that the 
visual search accuracy increases with the decreasing of eccentricity level, and also with 
the decreasing of the distance between the target and the observer. The behavioral 
performance also shows increasing tendency as the decreasing of coherence level, 
indicating that the object moving consistently would be more likely to be captured. The 
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looming distractor affected the performance on every experimental condition, and the 
detrimental effect increases with the decreasing of the eccentricity level of the target. No 
significant difference has been found among different heading directions, and the 
performances in all three heading directions show similar trends. 
 
 
  
4 
CHAPTER 2. TIME-TO-PASSAGE JUDGEMENTS 
2.1 INTRODUCTION 
When people walking on a street, they continuously make judgements about 
oncoming objects with respect to their path of movement and time remaining until they 
pass by. The time until an approaching object passes the observer is referred as time to 
passage (TTP). Accurate response on TTP therefore would be essential for visually 
guided navigation. Given ample researches on this topic, it still remains unclear which 
exact optical variables were being used in this task. Previous psychophysical study in our 
lab show the observers would employ an adaptive strategy based on the available source 
of information (Beardsley, Sikoglu, Hecht, & Vaina, 2011).  
Global tau relies on the change between object and scene on the retina, but not on 
the local cues, such as the size expansion of the objects. It can be determined by the 
relative rate of change of the angular displacement of the target from the observer’s line 
of sight (Hecht & Savelsbergh, 2004). During the simulated self-motion, TTP judgements 
can therefore be determined on the observer’s track vector, even if there are no local 
expansion cues (Kaiser & Mowafy, 1993; Tresilian, 1995). 
Many studies have shown the utilization of local tau information, reporting the 
neural substrate involved in the extraction of local tau expansion cues has been located in 
the locus rotundus in pigeons (Wang & Frost, 1992), and in the superior colliculus, the 
pulvinar nucleus of the thalamus, and cortical regions associated with motor preparation 
in humans (Billington, Wilkie, Field, & Wann, 2011; Uesaki & Ashida, 2015). Moreover, 
in some fMRI researches, left inferior parietal regions (Assmus, Marshall, Noth, Zilles, & 
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Fink, 2005; Assmus et al., 2003), the insula (Field & Wann, 2005), and several frontal 
regions (Billington et al., 2011) have also been shown associated with this task. 
A previous psychophysical study from our lab (Beardsley et al., 2011), which 
hypothesized that observers would take optic flow information in TTP judgements 
intuitively in the case of coherent flow, but when the flow is more noisy and incoherent, 
the observers would make their judgements on relative velocity cues. The psychophysical 
results indeed show this pattern, which is also consistent with previous psychophysical 
findings: TTP judgements reflect the differential use and integration of multiple sources 
of information, including global optic flow, object retinal velocities, and other depth cues 
(Patricia R DeLucia, 2004; P. R. DeLucia & Warren, 1994; van der Kamp, Savelsbergh, 
& Smeets, 1997). 
2.2 FMRI 
2.2.1 STIMULI AND EXPERIMENTAL PROCEDURE 
A field of white dots (79.55 cd/𝑚2) on a grey background (10.22 cd/𝑚2) was 
generated through a virtual 3D scene, mimicking the observer’s self-motion. Two of the 
dots were showing as red (51.20 cd/𝑚2), indicated as target dots, the observers were 
instructed to report which one of these two target dots would pass their eye plane first. 
The stimulus generation and presentation were performed by an Intel-based Macintosh 
laptop. Stimuli consisting of random-dot kinematograms (RDK) were displayed at a 
resolution of 1024 x 768 pixels and a refresh rate of 75 Hz. All the dots were of constant 
size 2 pixels x 2 pixels (4 arcmin x 4 arcmin) throughout the simulated approach and 
were placed such that they maintained a density of 2 dots/𝑑𝑒𝑔2. The motion of the dots 
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simulated the subjects’ forward self-motion along a straight line trajectory at a speed of 
150 cm/s. All the sizes of the dots, including the two target dots, remained constant 
during every trial, which means the local expansion cues were removed. In each trial, the 
direction of the simulated self-motion was toward the center of the aperture. When dots 
moved out of the screen, new dots would be generated at a random location (Beardsley et 
al., 2011).  
The target dots moved in depth with the same velocity as the background dots. 
The difference between the arrival times of the two targets dots was set as 0.5 s for all 
trials. The initial depth of the reference target was 1200 cm. The possible TTP values 
from stimulus onset until both targets would have passed the observer ranged from 7.5 s 
to 8.5 s. This left ample time for the 2AFC responses, which had to be made before the 
leading target passed the vertical eye plane of the observer. There was no pressure in 
reaction time for the observers during the whole test. 
This stimuli was used in an fMRI study (Sikoglu, 2011). Stimuli were back-
projected onto a translucent screen (27.3 cm x 36.5 cm) using a LCD projector. Subjects 
viewed the screen through a mirror mounted on the head coil. The distance between the 
eyes of the subject and the mirror was approximately 4 cm and the distance between the 
mirror and the screen was approximately 81 cm, therefore, the total viewing distance was 
about 85 cm. This setup provided a square viewing aperture subtending 17° x 17°. During 
the whole scanning period, subjects were required to fixate a small central cross (40 x 40 
arcmin). Subjects entered their responses by pressing a designated key onto a magnet-
compatible button box. 
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Seven subjects (5 females, 2 males, mean age ± SD = 24.42 ± 4.82 years) 
participated in the experimental task. All of them had normal or corrected-to-normal 
vision. All underwent a psychophysical testing session prior to the scan, to make sure that 
their performance was at least 70% correct. All participants signed an informed consent 
form before the start of the experimental sessions in accordance with the Partners 
Institutional Research Board requirements on research involving human subjects. 
2.2.2 DATA ACQUISITION AND DATA ANALYSIS 
FMRI data were acquired by Elif Sikoglu (Sikoglu, 2011) at Athinoula A. 
Martinos Center for Biomedical Imaging, Massachusetts General Hospital, using a 3T 
Siemens whole body scanner and a standard head coil. Structural images were obtained 
as T1 weighted magnetization prepared rapid acquisition gradient echo images 
(MPRAGE) (128 slices with slice thickness of 1.33 mm, voxel size: 1.00 x 1.00 x 1.33, 
FOV = 256, TR = 2.53 sec, TE = 3.39 msec). Two T1-weighted images were collected 
for each subject. Functional images were obtained with gradient echo, echo planar (EPI) 
sequence (33 slices with slices oriented along the AC-PC line, slice thickness of 3 mm 
with 20% distance factor, FOV = 200, TR = 2.00 sec, TE = 30 msec) for measurement of 
BOLD contrast. 
We have analyzed the fMRI data using Statistical Parametric Mapping software 
package (SPM 12, Wellcome Department of Cognitive Neurology, London, UK), using 
MATLAB (The MathWorks, Natick, Massachusetts, USA). The general preprocessing 
steps are: (1) format converting: convert the raw data from DICOM format to Nifti 
format, (2) slice timing: eliminate the time shift among different volumes, (3) 
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realignment: correct the head motion artifact, (4) coregistration: coregister the functional 
images to the same subject’s structural image, (5) segmentation: separate grey matter, 
white matter and cerebrospinal fluid based on structural image, (6) normalization: 
normalize all functional images to a standard space (Montreal Neurological Institute, 
MNI), with a voxel size of 3x3x3 mm, and (7) smoothing: smooth the processed 
functional images with a FWHM (Full Width at Half Maximum) kernel of 4 mm.  
The onset and duration for every experimental condition were modeled by a 
general linear model (GLM), for each subject. The motion correction parameters 
generated from preprocessing were also used as multiple regressors for generating the 
design matrix. All regressors were convolved with the canonical hemodynamic response 
function (HRF). Trials with correct responses were analyzed separately with those with 
incorrect responses. Contrasts from each single subject were then put into group level 
analysis.  
Based on the group level activation maps, we defined several spherical regions of 
interest (ROIs), centering at the local maxima of the activated clusters, with a 5 mm 
radius. BOLD percent signal changes were then calculated for these functional ROIs, 
using Marsbar (Brett, Anton, Valabregue, & Poline, 2002). 
Furthermore, we also defined bilateral hMT areas by using our hMT localizer task 
(L. M. Vaina et al., 2014). We set the minimum overlapped proportion on individual 
activation maps as 0.5, based on the group-constrained subject-specific (GSS) method 
(Fedorenko, Hsieh, Nieto-Castanon, Whitfield-Gabrieli, & Kanwisher, 2010). 
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2.2.3 RESULTS 
Response accuracy for each condition was first calculated for each subject, and 
then averaged across all subjects. As expected, when the two target dots were 
symmetrically located with respect to the observer’s track vector, the performances were 
all above chance level. In contrast, the response accuracy was around chance level when 
the two target dots were places asymmetrically, due to the correlation of target 
eccentricity and proximity to the subject was highly reduced. Therefore, the behavioral 
performances showed that TTP judgements are based on retinal eccentricities when no 
local tau cues are provided. Moreover, when the target dots were symmetric, response 
accuracy was higher under 75% coherence level than under 0% coherence level, which 
means global motion information would enhance the behavioral performance in TTP 
judgements. However, when the target dots were asymmetric, there were no significant 
differences between 0% coherence and 75% coherence. These findings were consistent 
with previous behavioral performances collected with the same experimental paradigm 
(Beardsley et al., 2011). 
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Figure 2-1: Behavioral performance accuracy in % as a function of lateral target-offset 
pairing and coherence of optic flow. Offset pairings indicate the lateral distance of the 
leading and trailing targets from the track vector. They were always placed on opposite 
sides. Error bars indicate standard derivations. 
We contrasted activation during the trials against the activation within the static 
dots presentation (baseline). Based on behavioral performances, we separated the trials 
with correct responses and incorrect responses. We grouped together the runs with same 
coherence level and the contrasts were done separately for each experimental condition. 
Therefore, the experimental conditions were the initial lateral target offset pairings: 
symmetrically located with 10 cm from the track vector (10 vs. 10), with 50 cm from the 
track vector (50 vs. 50), asymmetrically located with the leading target dot at 10 cm and 
trailing target dot at 50 cm from the track vector (10 vs. 50), and with the leading target 
dot at 50 cm and trailing target dot at 10 cm from the track vector (50 vs. 10).  
Figure 2-2, 2-3, 2-4 and 2-5 show the group level activation maps on each 
different condition, with correct responded trials only, the threshold of t-value was set as 
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1.943, extent of 10 contingent voxels (p < 0.05, uncorrected). Table 2-1 and 2-2 show the 
corresponding coordinates of the local maxima of these activated clusters, in MNI space. 
In general, across all seven subjects, the activation areas were distributed along 
the motion-processing pathway. Activation was significant across the occipital lobe 
including the superior occipital gyrus (SOG), temporal lobe including middle temporal 
gyrus (MTG), inferior temporal gyrus (ITG) and superior temporal sulcus (STS), parietal 
lobe including superior parietal gyrus (SPG) and intraparietal sulcus (IPS), frontal lobe 
including middle frontal gyrus (MFG) and inferior frontal gyrus (IFG). In addition, the 
precentral sulcus and postcentral sulcus were activated bilaterally across all subjects. 
Activation was more distributed around the precentral sulcus (PreCS), postcentral sulcus 
(PostCS), MTG, IFG and IPS, under 75% coherence level than under 0% coherence 
level. 
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Figure 2-2 Cortical activation maps as a function of lateral target-offset pairing and 
coherence of optic flow under 10 vs. 10 condition. The threshold t-value was 1.943, 
uncorrected p < 0.05, extent of activation was 10 voxels. Area hMT was circled with a black 
contour.  
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Figure 2-3 Cortical activation maps as a function of lateral target-offset pairing and 
coherence of optic flow under 10 vs. 50 condition. The threshold t-value was 1.943, 
uncorrected p < 0.05, extent of activation was 10 voxels. Area hMT was circled with a black 
contour.  
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Figure 2-4 Cortical activation maps as a function of lateral target-offset pairing and 
coherence of optic flow under 50 vs. 10 condition. The threshold t-value was 1.943, 
uncorrected p < 0.05, extent of activation was 10 voxels. Area hMT was circled with a black 
contour.  
  
15 
 
Figure 2-5 Cortical activation maps as a function of lateral target-offset pairing and 
coherence of optic flow under 50 vs. 50 condition. The threshold t-value was 1.943, 
uncorrected p < 0.05, extent of activation was 10 voxels. Area hMT was circled with a black 
contour.  
Figure 2-6 shows the BOLD percent signal change of several functional ROIs we 
defined. Generally, the percent signals changes increased from 0% to 75% coherence 
level in PreCS, PostCS and middle temporal areas, whereas decreased in superior and 
middle frontal areas. In inferior frontal and parietal cortical regions, including 
intraparietal sulcus, there was not much difference between the two coherence levels. 
More specifically, in the left precentral (PreCS: p = 0.045), left postcentral (PostCS: p = 
0.027) and bilateral middle temporal (MTG: p = 0.025) cortical regions, percent signal 
changes at 75% coherence were significantly larger than those at the 0% coherence level, 
for the symmetric condition (10 vs. 10). In the right hemisphere MTG: p = 0.024), 
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significant activations were also found in the asymmetric condition (10 vs. 50) at both 
coherence levels. Bilaterally in the middle frontal (MFG: left: p = 0.012, right: p = 0.005) 
and right PreCS (p = 0.046) areas, there were significant differences between the 0% and 
the 75% coherence level in the asymmetric condition (50 vs. 10). In the left inferior 
frontal gyrus (IFG: 0.034), percent signal changes were also found significantly higher 
under 75% coherence than 0% coherence, in the symmetric condition (50 vs. 50). In 
MFG in the left hemisphere (p = 0.030), percent signal changes were found to be 
significantly higher at 0% coherence than at 75% coherence, in the symmetric condition 
(10 vs. 10). Interestingly, bilateral significant differences in percent signal change were 
found in hMT areas for asymmetric conditions, but not for symmetric conditions (left 
hMT: p = 0.013 in 10 vs. 50, right hMT: p = 0.032 in 10 vs. 50 and p = 0.036 in 50 vs. 
10).  
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Figure 2-6 BOLD percent signal changes plotted by functional region of interest (ROI) and 
lateral target-offset condition (* indicates p < 0.05; ** indicates p < 0.025). 
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We also compared the activation in trials with correct responses and trials with 
incorrect responses, for every experimental condition. We found more extended cortical 
activation in correct trials than in incorrect ones for symmetric conditions (10 vs. 10 and 
50 vs. 50). In 10 vs. 50 condition, where invalid image velocity information was provided 
to the observer, trials with incorrect responses had more distributed activation, while in 
50 vs. 10 condition, where valid image velocity information was provided, activation was 
more distributed and extended in trials with correct responses. 
2.3 CONCLUSION 
In this study, we investigated the neural substrate underlying the TTP judgements 
when local tau information is not available. We simulated observer motion through a 
cloud of dots and manipulated the lateral offsets of the target from the track vector, target 
depth, and coherence levels of the optic flow. Given no local tau cues, only global 
information could be used in this task. The observers might utilize the relative velocity 
between dots and/or the complex moving pattern on the screen. Note the relative velocity 
cues were valid only when the two target dots were located symmetrically with respect to 
the observer’s track vector. Behavioral results showed this case, which is also consistent 
with previous psychophysical study in our lab (Beardsley et al., 2011). 
More coherent level had a small positive effect on the behavioral performance, 
but only when the target dots were symmetrically placed. For asymmetric lateral pairings, 
there was no significant difference between different coherence levels. 
The cortical activation during TTP judgements reflected a flexible response 
strategy. In general, activation was higher and more extended in trials with 75% 
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coherence level than in trials with 0% coherence level, which means global optic flow 
would be utilized instinctively in TTP judgements, consistent with previous studies 
(Kaiser & Mowafy, 1993). The BOLD percent signal changes on bilateral PreCS, PostCS, 
and MTG were significantly higher on symmetrically conditions (10 vs. 10 and 50 vs. 50) 
when optic flow was available, which suggested these areas were highly involved with 
global information processing. Significant differences in percent signal change were also 
found in bilateral hMT areas, when the two target dots were asymmetric. In 10 vs. 50 
condition, activation with 0% coherence trials was higher, whereas in 50 vs. 10 condition, 
activation with 75% coherence trials was higher. This complexity might reflect the high 
involvement of hMT in velocity judgements, since when local and global cues are both 
unavailable, subjects base their TTP judgments mainly on the velocity discrepancy 
between the targets (Hecht & Savelsbergh, 2004; Kerzel, Hecht, & Kim, 1999). 
Consistent with previous research, we also found bilateral activation on superior 
colliculus, which in involved in motor preparation (Billington et al., 2011). However, no 
significant difference was found in percent signal change between 0% coherence and 
75% coherence level, which means, as expected, there was no difference in motion 
preparation between different coherence levels. 
In summary, we investigated the mechanism and neural substrate involved in TTP 
judgements in the absence of local expansion cues. Behavioral results indicates that 
subjects would integrate multiple sources of information. Consistent with former 
researches (Assmus et al., 2005; Assmus et al., 2003; Billington et al., 2011; Field & 
Wann, 2005), fMRI results show a broad range of activation along the visual motion-
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processing pathway. The BOLD percent signal changes show that PreCS, PostCS and 
MTG are highly involved in global information processing. A complex pattern in 
bilateral hMT areas may suggest the involvement of target velocity processing. Further 
investigation of the cortical involvement in TTP judgments can lead us towards a better 
understanding of how temporal and spatial perceptual mechanisms are integrated. 
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CHAPTER 3. DEPTH PERCEPTION 
3.1 INTRODUCTION 
Depth perception is one of the most demanding, yet frequent, visual tasks in our 
everyday lives. Several cues help depth perception, such as the object’s retinal image size 
(R. Sousa, J. B. Smeets, & E. Brenner, 2012; R. Sousa, J. B. J. Smeets, & E. Brenner, 
2012), accommodation (Wallach & Floor, 1971), and vergence (Brenner & van Damme, 
1998). Other depth cues, such as motion parallax (de la Malla, Buiteman, Otters, Smeets, 
& Brenner, 2016; Parker, 2007) and binocular disparity (Johnston, Cumming, & Landy, 
1994; Rogers & Graham, 1982; Sousa, Brenner, & Smeets, 2010, 2011) provide 
qualitative information about relative motion between the objects in the world and 
observers.  
Motion parallax is referred as the difference in retinal moving distance between 
objects within different depth levels (Kim, Angelaki, & DeAngelis, 2016). Although 
motion parallax has been considered as an important cue in depth perception, and former 
studies have shown highly involvement of bilateral hMT areas in depth perception 
(Backus, Fleet, Parker, & Heeger, 2001; Bridge & Parker, 2007; Inui et al., 2000; 
Schindler & Bartels, 2016; Tsushima, Komine, Sawahata, & Hiruma, 2014), the neural 
substrate underlying the process remains poorly understood.  
Combining psychophysical and fMRI methods, our results show that there is no 
preference in lateral direction during depth perception, and the imaging results also show 
not only that hMT plays an essential role, but also other cortical regions along the dorsal 
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pathway, such as superior parietal gyrus (SPG), postcentral sulcus (PostCS), precentral 
sulcus (PreCS) and superior frontal gyrus (SFG), are highly involved in depth perception. 
 
3.2 fMRI 
3.2.1 STIMULI AND EXPERIMENTAL PROCEDURE 
The stimulus design and implementation, and behavioral and fMRI data collection 
were performed in our lab in previous years, but the fMRI data was not analyzed or 
interpreted. Briefly, the stimulus generation and presentation were used an Intel-based 
Macintosh laptop. It contained two pairs of disks, located at different depth levels relative 
to the observer. The distance between the disks of each pair was set to be 10 cm. In each 
trial, simulated translational motion with a speed at 10 cm/s was added on the two pairs 
of disks, each moving to either left or right direction. At a viewing distance of 60 cm, the 
observers were instructed to report which pair of disks (pair A: leftmost – key ‘1’, pair B: 
rightmost – key’2’) was closer to their eye plane, using a 2 alternative forced choice 
(2AFC) method. At the end of each trial, the disk pairs were labelled on the screen with 
‘1’ and ‘2’, respectively. The initial moving direction (either to the left or to the right) 
with respect to the observer was randomized, following the event-related paradigm 
design. 
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Figure 3-1 Schematic view of the disk pair stimuli. A. Fronto-parallel view of the monitor. 
Disk pair A and B are equidistant such that they appear evenly speed on the screen even 
though they have been placed in depth. B. Depth view of the stimulus. 
Seven subjects (5 females, 2 males, mean age ± standard deviation = 24.42 ± 4.82 
years) participated in this fMRI task. All of them had normal or corrected-to-normal 
vision. All participants signed written informed consent before the start of the 
experimental sessions in accordance with the Partners Institutional Research Board 
requirements on research involving human subjects. One subject’s data was discard 
because of invalid key responses.  
3.2.2 DATA ACQUISITION AND DATA ANALYSIS 
The fMRI data acquisition was the same as described in Chapter 2 (see section 
2.2.2 for details). 
The imaging data was analyzed using Statistical Parametric Mapping software 
package (SPM12, Wellcome Department of Cognitive Neurology, London, UK) using 
MATLAB (The MathWorks, Natick, Massachusetts, USA).  
We converted the raw DICOM files to Nifti format, corrected the slice scan time 
effect, made the motion correction, co-registered functional and structural images, 
performed the segmentation of the structural file, normalized individual images to MNI 
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template, and smoothed the data with a FWHM (Full Width at Half Maximum) kernel of 
4 mm. 
For each experimental condition, the onset time and duration were modeled with a 
general linear model (GLM), the parameters from motion correction were also used as 
multiple regressors. All regressors were convolved with the canonical hemodynamic 
response function (HRF). Only trials with correct responses were used in the analysis. 
Group level analysis was performed based on each individual contrast. The resulting 
activation maps were set as uncorrected for multiple comparisons, p < 0.05, clusters with 
less than 10 10 contiguous voxels were excluded. 
The bilateral hMT areas were defined with localizer task (L. M. Vaina et al., 
2014), by setting minimum overlapped proportion on individual activation maps as 0.5, 
based on the group-constrained subject-specific (GSS) method (Fedorenko et al., 2010). 
3.2.3 RESULTS 
Behavioral response accuracy for each condition was averaged across all the 
subjects, and the results were around 65% for both conditions. Since no significant 
difference was found, means that there is no preference in direction of motion in depth 
perception. 
We contrasted the activation during the trials against activation during the 
baseline period, same conditions were combined together across different runs. Only 
trials with correct behavioral responses were put into this analysis. 
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Figure 3-2 shows the group level activation maps of both conditions, with 
threshold t value at 2.02, extend to 10 voxels (p < 0.05, uncorrected). Bilateral hMT areas 
are circled out with a black contour, based on the localizer task.  
 
Figure 3-2 Cortical activation maps as a function of initial translational direction. The 
threshold t-value was 2.02, uncorrected p < 0.05, extent of activation was 10 voxels. Area 
hMT was circled with a black contour.  
In general, the activation regions of both conditions were consistent, distributed 
along the dorsal visual pathway on both hemispheres. Bilateral hMT, superior parietal 
gyrus (SPG), postcentral sulcus (PostCS), and precentral sulcus (PreCS) show highly 
involvement in depth processing. Inferior frontal gyrus (IFG), superior frontal gyrus 
(SFG) in left hemisphere, middle frontal gyrus (MFG) in right hemisphere and bilateral 
Insula were also activated. No significant difference has been found between the two 
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conditions, which means there is no preference in initial translational moving direction in 
depth parallax processing. 
 
3.3 CONCLUSION 
Here, we investigated the neural substrate of depth perception, given the 
translational motion parallax cues. Using fMRI, we compared the BOLD signals of two 
conditions with respect to the baseline state. Both the behavioral and fMRI data show that 
there is no significant bias in different initial translational moving orientation. It has been 
suggested that hMT areas play an important role in motion processing and extracting 
depth information by binocular disparity (DeAngelis, Cumming, & Newsome, 1998). 
Consistent with previous studies (Backus et al., 2001; Bridge & Parker, 2007; Inui et al., 
2000; Schindler & Bartels, 2016; Tsushima et al., 2014), our imaging results are highly 
activated in this test. 
Additionally, our results show the activation was distributed along the dorsal 
visual pathway, including bilateral hMT, SPG, PostCS and PreCS cortical regions, this 
might suggest a network in the depth processing (Bridge & Parker, 2007; Inui et al., 
2000). Further fMRI data needed on stroke patient with visual deficits on this task, for 
better understanding of the neural mechanisms in depth perception processing.  
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CHAPTER 4. NEURAL CORRELATES OF COLLISION 
4.1 INTRODUCTION 
Potential collision of the objects detection happens all the time in our everyday 
life, this judgement may include both temporal and spatial estimation. Previous studies 
have shown that cortical areas along dorsal visual processing pathway are highly 
involved with collision (Field & Wann, 2005), inferior parietal area plays an important 
role in spatial-temporal integration in collision task (Assmus et al., 2005; Assmus et al., 
2003). The results of (Field & Wann, 2005) suggest that hMT activation was due to 
optical expansion, the collision specific regions are limited at the dorsal visual stream. 
Some fMRI work also demonstrate activation of visual and motor areas, including 
intraparietal sulcus (IPS), PostCS, PreCS and frontal eye fields (FEF) (Shuwairi, Curtis, 
& Johnson, 2007). 
Using fMRI, a potential collision detection paradigm developed in our lab was 
performed on 7 normal controls and 4 stroke patients with visual deficits. The group level 
results of normal controls show a broad activation along the dorsal visual processing 
stream, inferior parietal regions, SPG, PostCS, PreCS and SMA regions show highly 
involvement in this test. In patient LMV2009_P10 and LMV2009_P13, the activation 
pattern is very similar to which in normal control group, while in patient LMV2009_P11, 
higher activation has been found in the medial cortices rather than lateral cottices, in 
LMV2010_P02, although activation has been found in areas around central sulcus, but 
very few has been found at inferior parietal regions. 
  
28 
4.2 FMRI 
4.2.1 STIMULI AND EXPERIMENTAL PROCEDURE 
The stimuli contained four spheres moving on the screen, with a textured 
background showing a blue sky and trees on grassland. The stimuli simulated the 
observers’ forward movement in a 3D scenario. The spheres, with mean diameter of 2°, 
started to move at a depth plane of 108 cm from the screen, lasted for 0.5 s. They were 
showing on the screen for the whole trial, with trajectories at 0°, ±15°, and 
±30° deviation relative to the observer’s track vector, only one of the spheres was in a 
potential collision trajectory with respect to the observer. The spheres moved at a speed 
at 0.25 m/s, the observer were simulated also moving at a speed of 0.25m/s towards the 
screen. The movement lasted for 0.5 s, followed by a static frame of background.  
Seven normal observers (2 females, 5 males, mean age = 32 years, SD = ±17.65), 
with normal or corrected to normal vision, and four patients after stroke participated in 
this study. The observers were instructed to fixate on the fixation mark throughout the 
experiment, stimuli were presented binocularly in a four alternative forced choice (4AFC) 
paradigm with no feedback, a magnet-compatible button box with four keys was used to 
collect the responses of the observers in fMRI environment.  
Patient LMV2009_P10 was 43 years old and right handed, with a lesion at the left 
temporal lobe. Patient LMV2009_P11 was 71 years old and right handed, with a small 
lesion in the posterior occipital region on the right hemisphere. Patient LMV2009_P13 
was 29 years old and right handed, with a lesion in the posterior occipital region on the 
left hemisphere. Patient LMV2010_P02 was 69 years old and right handed, with a lesion 
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at the right temporal lobe. 
All participants gave their written informed consent before the start of the 
experimental sessions in accordance with Partners Human Research Committee on 
research involving human subjects. 
4.2.2 DATA ACQUISITION AND DATA ANALYSIS 
The fMRI data acquisition was the same as described in Chapter 2 (see 2.2.2 for 
details), except for using a block design instead of event-related paradigm. 
Each block consisted 12 s of OFF period and 28 s of ON period, repeated for 7 
cycles with an extra OFF at the end. The stimuli were showing in ON periods, and only 
background was showing in OFF periods. Three blocks was performed for each observer. 
Imaging data analysis of the 7 normal controls was performed with Statistical 
Parametric Mapping software package (SPM 12, Wellcome Department of Cognitive 
Neurology, London, UK), using MATLAB (The MathWorks, Natick, Massachusetts, 
USA). Same with the preprocessing pipeline described in Chapter 3 and Chapter 4, we 
converted the raw data to Nifti format, synchronized the time of data acquisition, 
corrected the motion artifacts, co-registered functional and structural images, performed 
the segmentation, normalized individual images to MNI space, and smoothed them with a 
FWHM (Full Width at Half Maximum) kernel of 4 mm. For the 4 patients with stroke, 
we first drew their lesion masks on their structural file, then used their maps to map out 
the lesion areas in the following analysis. 
The onset time and duration of each ON period were modeled with a general 
linear model, parameters from motion correction were also used as multiple regressors. 
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Activation during ON periods was then contrasted against activation during OFF periods, 
across all subject from the same group. Data from normal controls and from patients were 
analyzed separately, with the same method.  
4.2.3 RESULTS 
Figure 4-1 shows the group level activation maps of both normal controls, with 
uncorrected p < 0.05, clusters with less than 10 contiguous voxels has been excluded. 
 
Figure 4-1 Activation maps of normal subjects on group level, p < 0.05, at least 10 
contiguous voxels.  
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Figure 4-2 Lesion locations of each patient a) LMV2009_P10, b) LMV2009_P11, c) 
LMV2009_P13, and d) LMV2010_P02. The lesion regions are shown in red color for each 
patient. 
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Figure 4-2 shows the location of lesion area for each patient. Both the lesion mask 
and lesion map were used as a reference in preprocessing, to get rid of the invalid 
activation in the lesion regions. 
Figure 4-3 to 4-6 show the activation of each patient, uncorrected p < 0.05, 
clusters with less than 10 contiguous voxels are excluded. Bilateral hMT areas are circled 
out with a black contour. All the patients showed similar activation pattern with respect 
to the normal control group, IPS, SPG, PostCS, PreCS and MFG were found activated in 
all patients. Although activation has been found in IPS and central sulcus areas, patient 
LMV2009_P11 showed more activation in medial cortices rather than in lateral cortices. 
 
Figure 4-3 Activation map of patient LMV2009_P10, p < 0.05, at least 10 contiguous voxels. 
IPS: intraparietal sulcus, SPG: superior parietal gyrus, PostCS: postcentral sulcus, PreCS: 
precentral sulcus, MFG: middle frontal gyrus, IFG: inferior frontal gyrus, MTG: middle 
temporal gyrus. 
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Figure 4-4 Activation map of patient LMV2009_P11, p < 0.05, at least 10 contiguous voxels. 
IPS: intraparietal sulcus, MFG: middle frontal gyrus, STG: superior temporal gyrus, 
PostCS: postcentral sulcus. 
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Figure 4-5 Activation map of patient LMV2009_P13, p < 0.05, at least 10 contiguous voxels. 
SPG: superior parietal gyrus, PostCS: postcentral sulcus, PreCS: precentral sulcus, SFG: 
superior frontal gyrus, MFG: middle frontal gyrus, SMA: supplementary motor area, 
MCing: middle Cingulum, IPS: intraparietal sulcus, Rol: rolandic region. 
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Figure 4-6 Activation map of patient LMV2010_P02, p < 0.05, at least 10 contiguous voxels. 
IPS: intraparietal sulcus, PostCS: postcentral sulcus, PreCS: precentral sulcus, MTG: 
middle temporal gyrus, SMA: supplementary motor area, STG: superior temporal gyrus. 
 Figure 4-7 and 4-8 shows the BOLD absolute percent signal changes in several 
ROIs. SPG, PostCS, and PreCS show highly involvement in this task, for both normal 
controls and patients. 
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Figure 4-7 BOLD absolute percent signal changes for normal control group contrast against 
with baseline condition in ROIs. 
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Figure 4-8 BOLD absolute percent signal changes for each patient contrast against with 
baseline condition in ROIs. 
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4.3 CONCLUSION 
In this study, we investigated the neural correlates in potential collision detection 
task, also the neural differences between the normal controls and patients with stroke in 
occipital or temporal lobe. The results show activation along the dorsal visual stream, 
IPS, PostCS, PreCS and premotor areas play important roles in this task. Generally, the 
activation in all the four patients is similar to the normal control group, IPS and central 
sulcus areas have been found activated in all patients, patient LMV2009_P11 shows more 
activation in the medial cortices rather than in lateral cortices, and patient LMV2010_P02 
has few activation at inferior parietal areas. 
Consistent with previous studies, activation of collision detection is mainly 
distributed along dorsal visual pathway, and the left inferior parietal region is highly 
activated in normal control group and 3 out of 4 patients (Assmus et al., 2005; Assmus et 
al., 2003; Field & Wann, 2005). Activation has been found in IPS and SPG in all subjects, 
the medial part of IPS has been suggested involved with heading perception (Peuskens, 
Sunaert, Dupont, Van Hecke, & Orban, 2001; Lucia M. Vaina & Soloviev, 2004), and 
our task has self-motion in addition to the object motion. It’s also suggested that neurons 
in ventral IPS region respond to the trajectory, as long as the colliding point remains the 
same (Colby, Duhamel, & Goldberg, 1993). Taken together, our results indicate the 
involvement of IPS in the contact part of the task rather than tracking the object. 
To sum up, we have investigated the neural substrate underlying the colliding 
detection, in both normal controls and stroke patients. SPG, IPS, PostCS, PreCS, 
premotor areas and supplemental areas are highly activated in normal control group, 
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similar activation pattern has been found in the stoke patients, although patient 
LMV2009_P11 has more activation in the medial cortices rather than in the lateral 
cortices, and very few activation has been found in the left inferior parietal regions on 
LMV2010_P02. The similar activation pattern suggests that, although some variance may 
exist, a common neuronal mechanism is being employed for solving higher-order motion 
related visual tasks in stroke patients. 
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CHAPTER 5. VISUAL SEARCH 
5.1 INTRODUCTION 
Visual search is happening all the time in daily lives, people spend a large portion 
of time on searching for a computer icon, a keyword in a paper, or a certain brand of milk 
in a supermarket. Human visual search involves eye movement control, spatial attention, 
and temporal integration of information, thus, studying visual search will help us better 
understanding how the brain coordinates these functions (Eckstein, 2011).  
Previous studies have shown that increasing retinal eccentricity level of search 
elements will reduce the performance accuracy (Geisler & Chou, 1995). A looming 
object (Franconeri & Simons, 2003), as well as an object on a potential colliding 
trajectory (Lin, Franconeri, & Enns, 2008), demands attention, the detrimental effect of 
adding a distractor will increase with the target retinal eccentricity (Carrasco, Evert, 
Chang, & Katz, 1995; Eckstein, 2011; Scialfa & Joffe, 1998). Moreover, visual crowding 
is a well know effect which will largely affect the visual search, on the peripheral visual 
fields (Vlaskamp & Hooge, 2006; Vlaskamp, Over, & Hooge, 2005). Multiple sources of 
cues are being utilized in visual search, optic flow, providing global information, might 
be one of the most important cues during motion related visual search tasks. Optic flow is 
the motion pattern projected on the retina, due to the relative movement between the 
observers and the scene (Gibson, 1950). The relative movement has mainly three reasons: 
the objects are moving, the observer is moving, and both the objects and the observer are 
moving (Foulkes, Rushton, & Warren, 2013). According to flow parsing theory, our 
visual system can subtract the image motion generated by the observer’s motion, to filter 
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out the motion due to objects (Warren & Rushton, 2008, 2009a, 2009b). It is also 
suggested that flow parsing and heading estimation have similar dependencies on the 
properties of optic flow (Foulkes et al., 2013; Warren, Rushton, & Foulkes, 2012). 
In this study, using a novel visual search paradigm developed in our lab, we 
investigated how the initial target properties will affect our visual search judgements, 
how the distractor will affect our target detection, and how the performance will be given 
different heading directions. 
 
5.2 PSYCHOPHYSICS 
5.2.1 STIMULI 
The stimuli contained 25 textured spheres moving on the screen, mimicking the 
observers’ movement at a speed of 10 cm/s. One of the spheres was defined as target 
sphere, moving with an independent velocity, it could be either faster or slower than the 
non-target spheres. At the end of each trial, four randomly chose spheres would be 
labelled from one to four, they were also set to be the same size to eliminate the size cues, 
the observers were instructed to report which one of the four spheres was the target 
sphere, by pressing the corresponding key as soon as possible, response time for each 
trial was recorded. Each trial lasts for 2 s. 
Three subtests were implemented to test: 1. How the initial target properties 
would affect the target detection. 2. When the target detection decision was made. 3. How 
would different heading directions affect the target detection and also the heading 
estimation capabilities. 
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5.2.2 EXPERIMENTAL PROCEDURE 
The first subtest contained 3 blocks, with 100%, 75% and 50% coherence level 
respectively. The target sphere was moving with an independent speed (either -15, -10, 
10 or 15 cm/s) during the whole trial. The observers were instructed to fixate their 
eyesight on the white fixation mark during the whole test, and to press the corresponding 
key on the keyboard as soon as possible. 
 In the second subtest, a looming distractor sphere with a speed at 20 cm/s would 
be showing during the whole trial. The target sphere was set to be moving with its 
independent speed (-15, -10, 10 or 15 cm/s) either at the beginning, in the middle, or at 
the end of the trial, lasting for 1 s, with a sigmoidal change within 0.25 s. 
 Two responses were collected for each trial, in the third subtest. The first response 
is the same with previous two subtests, target detection. The target would still be moving 
with an independent velocity (-15, -10, 10 or 15 cm/s). The second response was based 
on the heading estimation. At the end of each trial, two white bars would be presented on 
the bottom of the screen, white letter A and B were located on both sides of the left bar, 
and white letter C and D were located on both sides of the right bar. The observers were 
instructed to report the location of the focus of expansion (FoE) with respect to the two 
bars. If the heading direction was to the left, and the FoE was on the left of the left bar, 
the observer was supposed to press 1, if the heading direction was to the left, and the FoE 
was on the right of the left bar, the observer was supposed to press 2, if the heading 
direction was to the right, and the FoE was on the left of the right bar, the observer was 
supposed to press 3, if the heading direction was to the right, and the FoE was on the 
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right of the right bar, the observer was supposed to press 4. The observers practiced one 
block before taking the test. The offsets between the FoE and two bars were set as either 
with -6°, -3°, 3° or 6°, based on preliminary result from 3 subjects with staircase method. 
5.2.3 RESULTS 
22 observers participated the first subtest, with normal or correct-to-normal vision. 
The performances at each coherence level show similar tendency, targets in the central 
field are more easily to be captured than those at the peripheral regions, targets closer to 
the observers are more easily to be detected than the farther ones.  
 
Figure 5-1 Heat map of accuracy with different initial target properties. 
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 Figure 5-2 and 5-3 show the behavioral performance under 3 different coherence 
levels, the results show that the observers performed better on 50% coherence level than 
100% and 75% coherence levels, which indicates the observers would more likely to take 
global optic flow information other than local information. 
 
Figure 5-2 Behavioral performances with different initial target eccentricities, at 3 different 
coherence levels. 
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Figure 5-3 Behavioral performances with different initial distances relative to the observers, 
at 3 different coherence levels. 
 9 observers took part into the second subtest, all with normal or correct-to-normal 
vision. Figure 5-4 and 5-5 show the accuracies of different conditions in this test. The 
looming distractor affects the target detection on every condition. Detection on targets 
with onset times at the end of the trial was severely impaired on peripheral regions, but 
no significant difference is found among these conditions. 
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Figure 5-4 Behavioral performances with a looming distractor at a speed of 20 cm/s, at 
different initial target depth levels. 
 
Figure 5-5 Behavioral performances with a looming distractor at a speed of 20 cm/s, at 
different initial target eccentricity levels. 
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 14 observers took the third subtest, with normal or correct-to-normal vision. 
Figure 5-6 and 5-7 show the performances of target detection under different heading 
directions. No significant difference has been found between different heading directions, 
which suggest observers do not have preference in capturing the moving object during 
self-motion, even with different heading directions. 
 
Figure 5-6 Behavioral performances with 3 different heading directions, at different initial 
target eccentricity levels. 
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 Figure 5-7 Behavioral performances with 3 different heading directions, at different initial 
target depth levels. 
5.3 CONCLUSION 
In this study, we investigated the mechanisms involved in the visual search tasks. 
Behavioral data was collected from both normal controls and one patient with visual 
deficits. Consistent with previous studies, the results of the first subtest show the 
accuracy decrease with the increasing of target initial eccentricity, also with the 
increasing of the initial distance between the target and the observer (Geisler & Chou, 
1995). The results also show that the performance increases with the decreasing of 
coherence level, which indicates that the observers are more likely to capture the objects 
with consistent movement. The results of the second subtest show that a looming 
distractor will affect visual search on every different experimental condition (Franconeri 
& Simons, 2003). The performances are severely reduced when the target is located on 
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the peripheral region rather than the central region on the screen (Carrasco et al., 1995; 
Scialfa & Joffe, 1998). No significant difference has been found among different heading 
directions in this test, one reason for this might be the initial target eccentricity is defined 
with respect to the central of the screen, so the range of the distance between the target 
and the FoE will be larger in trials which the target and FoE are showing on the different 
sides of the observer’s track vector, than trials in which they are on the same sides.  
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CHAPTER 6. SUMMARY 
In this thesis, we have investigated the neural correlates of motion related visual 
tasks, such as time to passage (Chapter 2), depth perception (Chapter 3) and collision 
(Chapter 4), and also the mechanisms of visual search (Chapter 5). Despite ample of 
visual perception studies, there is still more to discover about what exact optical variables 
are being utilized in the visual processing. 
In Chapter 2, we identified that TTP judgements are based on the integration of 
multiple sources of information, such as global optic flow and object velocity. The fMRI 
data showed the activation was distributed along the dorsal visual processing stream. 
PostCS, PreCS and bilateral hMT areas play important roles in the global optical 
information processing. 
In Chapter 3, given binocular motion parallax cues, we studied how the depth 
perception is being processed in our brain. Bilateral hMT, SPG, PostCS, PreCS and SFG 
showed highly involvement in this test. For further work, fMRI data is needed to be 
collected on stroke patients with visual deficits, for better understanding the neural 
substrate underlying depth perception. 
In Chapter 4, we investigated the neural mechanisms in the potential collision 
detection test, similar activation patterns have been found in the normal control group and 
all four stoke patients with visual deficits. IPS, SPG, SMA and premotor cortex show 
highly involvement in this test. Patient LMV2009_P11 has more activation in the medial 
cortices rather than in the lateral cortices, patient LMV2010_P02 has few activations in 
the inferior parietal areas. The results here suggest a common processing of higher-order 
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visual tasks, for both normal controls and patients. 
In Chapter 5, we studied the visual search tests behaviorally on a group of normal 
controls and one stroke patient with visual deficits. The results indicate the closer the 
distance between the object and the observer is, the higher the accuracy is, and the more 
central the object located, the better the performance would be. The observers are more 
likely to capture object with consistent movement. A looming distractor demands 
attention on every experimental condition, the detrimental effect on the performance 
decreases with the increasing of the target eccentricity level. Moreover, the observers did 
not show preference in target detection within different heading orientations in this test.  
To sum up, using fMRI and psychophysical methods, we investigated the 
mechanisms and neural correlates underlying several motion related visual tasks. We’ve 
showed the neural substrates of TTP test, we’ve also demonstrated a common processing 
in higher-order potential collision detection visual test, in both normal controls and stroke 
patients with visual deficits. Combining the neural activity in depth perception and 
behavioral performances in visual search test, the groundwork has been laid for better 
understanding of the higher-order perceptual mechanisms. 
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APPENDIX 
Table 1: Activation position of the local maxima in MNI space for 0% coherence trials by lateral target-offset pairing. 
 
Experimental 
Conditions 
Center coordinates 
(MNI) 
t score Region Experimental 
Conditions 
Center coordinates 
(MNI) 
t score Region 
x y z x y z 
10 vs. 10 
-62 -45 1 5.8782 MTG_L 
50 vs. 10 
-48 38 -10 5.3335 IFG_L 
-45 30 31 5.6209 MFG_L 39 26 -14 5.2095 IFG_R 
38 -9 61 5.4201 PreCS_R -22 29 50 4.3096 MFG_L 
-42 -10 58 5.0111 PreCS_L -43 -43 50 4.0464 IPG_L 
-30 -23 68 4.8364 PreCS_L -19 44 44 3.8016 SFG_L 
-45 9 45 4.6973 PreCS_L -51 3 37 3.4871 PreCS_L 
52 -76 22 4.3901 MTG_R -24 30 47 3.4871 MFG_L 
-37 -65 44 4.2950 AG_L -52 -70 28 3.4667 AG_L 
-26 31 43 4.1308 MFG_L 52 -62 19 2.9655 MTG_R 
-43 15 46 3.7597 MFG_L -42 -43 51 2.7081 IPG_L 
24 -48 73 3.6131 SPG_R 39 -57 52 2.6860 AG_R 
-64 -19 -23 3.5173 MTG_L 32 -70 57 2.3657 SPG_R 
-50 13 25 3.2137 IFG_L -64 -24 -23 2.3448 ITG_L 
-56 -1 -25 3.1640 MTG_L -51 -72 33 2.0063 AG_L 
-25 -6 65 3.1030 SFG_L 
50 vs. 50 
32 2 59 10.3475 MFG_R 
-49 11 27 3.0358 IFG_L 50 42 6 10.0239 IFG_R 
-27 32 42 2.9486 MFG_L 29 5 59 8.7421 MFG_R 
45 12 31 2.6691 IFG_R 45 42 22 8.4385 MFG_R 
11 39 42 2.4373 SFG_R 47 43 16 6.8521 MFG_R 
62 -40 25 2.1131 SMG_R -49 -33 58 6.1049 PostCS_L 
10 vs. 50 
15 -72 28 4.9103 Cuneus_R 57 -40 50 5.9746 IPG_R 
-41 -41 57 4.4563 PostCS_L 44 -46 52 5.9718 IPG_R 
61 -33 45 3.6884 SMG_R -39 15 1 4.6148 Insula_L 
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22 11 65 3.3684 SFG_R 47 45 13 4.3168 MFG_R 
60 -37 47 3.3336 IPG_R 42 19 37 4.1277 MFG_R 
32 4 57 3.2927 MFG_R -50 11 25 3.9546 IFG_L 
-39 28 -14 3.2274 IFG_L -39 -25 63 3.7812 PreCS_L 
48 42 14 2.8553 MFG_R 27 -86 42 3.6851 SOG_R 
55 -67 10 2.6978 MTG_R 55 -61 31 3.4739 AG_R 
-23 61 15 2.6792 SFG_L -44 48 18 3.1624 MFG_L 
39 -51 57 2.6526 SPG_R -20 25 56 3.0011 SFG_L 
59 -64 -9 2.4649 ITG_R -50 34 11 2.6471 IFG_L 
-46 36 19 2.4134 MFG_L -45 10 42 2.5428 PreCS_L 
-45 21 41 2.2472 MFG_L -61 -62 -8 2.2485 ITG_L 
-9 -65 49 2.1421 Precuneus_L -62 -57 -2 2.1452 MTG_L 
40 22 -10 2.1283 Insula_R       
-44 20 43 2.0606 MFG_L       
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Table 2: Activation position of the local maxima in MNI space for 75% coherence trials by lateral target-offset pairing. 
 
Experimental 
Conditions 
Center coordinates 
(MNI) 
t score Region Experimental 
Conditions 
Center coordinates 
(MNI) 
t score Region 
x y z x y z 
10 vs. 10 
-67 -25 -21 6.8192 ITG_L 
10 vs. 50 
-56 -2 -19 6.4753 MTG_L 
-43 12 49 6.4968 MFG_L 34 -44 63 5.1668 PostCS_R 
-47 33 -6 6.0027 IFG_L 28 -10 68 5.1602 SFG_R 
-34 -57 64 5.5322 SPG_L 51 -67 24 4.9411 MOG_R 
-49 -10 54 5.5004 PostCS_L 59 2 33 4.7903 PreCS_R 
-42 14 6 5.3170 Insula_L -58 -59 31 4.7567 AG_L 
-35 -28 65 5.0485 PreCS_L 51 8 -29 4.3979 MTG_R 
64 -40 23 4.8220 SMG_R -44 10 48 4.3957 PreCS_L 
-68 -43 -5 4.5121 MTG_L 52 -74 22 4.3723 MTG_R 
-40 18 49 4.2904 MFG_L 34 -41 67 4.0675 PostCS_R 
-62 -36 -1 4.1254 MTG_L -19 -25 74 3.8560 ParaCL_L 
42 -12 61 4.0469 PreCS_R -43 20 45 3.7685 MFG_L 
-20 33 51 3.9973 SFG_L -21 36 48 3.3604 SFG_L 
-45 5 0 3.8583 Insula_L 57 1 -21 3.3010 MTG_R 
64 -58 2 3.8517 MTG_R -53 -68 22 2.6059 MTG_L 
59 -4 -14 3.6064 MTG_R -57 -40 50 2.2667 IPG_L 
68 -32 38 3.4659 SMG_R 
50 vs. 10 
43 -60 48 8.1390 AG_R 
-49 32 18 3.4331 IFG_L 65 -8 30 6.9923 PostCS_R 
-66 -24 -19 2.7305 ITG_L -53 -68 38 6.8438 AG_L 
-64 -57 -9 2.5988 MTG_L -19 43 45 6.1479 SFG_L 
50 vs. 50 
-61 -53 2 8.8346 MTG_L -54 -67 29 5.4362 AG_L 
-49 5 35 7.6157 PreCS_L -59 -11 -31 5.3810 ITG_L 
-65 -21 -16 7.4735 MTG_L -44 13 45 5.3593 MFG_L 
-59 -59 27 5.4359 AG_L -29 -72 56 5.2191 SPG_L 
-18 29 55 5.2575 SFG_L 45 -50 52 5.1744 IPG_R 
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-58 -65 -9 5.0560 ITG_L 31 61 -3 4.7883 SFG_R 
-32 -68 58 4.4519 SPG_L -22 24 58 4.7555 SFG_L 
47 47 0 4.2252 IFG_R -42 6 52 4.7128 MFG_L 
65 -36 -11 4.0454 MTG_R -44 -50 52 4.6378 IPG_L 
64 -52 -12 3.9400 ITG_R 60 -8 -22 4.5820 MTG_R 
15 36 54 3.8520 SFG_R -31 -69 58 4.5712 SPG_L 
-43 43 19 3.8006 MFG_L -55 23 13 4.5267 IFG_L 
-51 -72 31 3.0919 AG_L -62 -19 -12 4.4022 MTG_L 
54 32 14 2.9253 IFG_R -10 32 53 4.2148 SFG_L 
-40 4 2 2.7089 Insula_L 56 20 15 4.0634 IFG_R 
49 -73 38 2.6896 AG_R 42 23 37 4.0200 MFG_R 
34 -1 -32 2.5066 Fusiform_R -50 20 24 3.6700 IFG_L 
-60 -14 -30 2.2694 ITG_L -38 22 49 3.6474 MFG_L 
-34 17 -18 2.2464 IFG_L -63 -41 -1 3.5560 MTG_L 
51 -26 55 2.1535 PostCS_R -64 -45 -3 3.4299 MTG_L 
      -58 -12 40 3.2885 PostCS_L 
      -46 46 -5 3.2316 IFG_L 
      47 -69 47 3.0358 AG_R 
      66 -30 -20 2.7127 ITG_R 
      52 -26 53 2.5203 PostCS_R 
      -59 -11 -11 2.1069 MTG_L 
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Table 3: Activation position of the local maxima in MNI space for normal controls in depth 
perception test. 
 
 
 
 
Experimental 
Conditions 
Center coordinates 
(MNI) 
t score Region 
x y z 
Depth 
Parallax 
30 -60 57 12.29 SPG_R 
33 -54 48 9.40 IPS_R 
-36 -54 60 10.27 SPG_L 
-24 -57 42 9.17 SPG_L 
-36 -3 57 8.69 PreCS_L 
-42 -81 -6 9.72 IOG_L 
-36 -66 -12 9.66 Fusiform_L 
51 6 24 7.49 IFGOper_R 
36 -3 51 7.23 MFG_R 
12 12 0 7.42 Caudate_R 
18 -3 18 5.80 Caudate_R 
-30 -18 0 7.37 Putamen_L 
-15 0 18 5.18 Caudate_L 
-27 15 6 4.82 Insula_L 
12 6 60 6.58 SMA_R 
54 -42 15 6.23 STG_R 
63 -42 15 3.69 STG_R 
-36 24 24 4.74 IFGTri_L 
-36 30 18 4.65 IFGTri_L 
-48 24 30 3.37 IFGTri_L 
-15 -27 9 4.60 Thalamus_L 
-12 -21 3 2.28 Thalamus_L 
36 30 21 4.18 MFG_R 
42 36 27 2.80 MFG_R 
45 36 18 2.64 MFG_R 
-60 -21 21 4.03 PostCS_R 
33 -15 -6 3.78 Putamen_R 
18 6 66 3.35 SFG_R 
24 54 -15 3.16 MFGOrb_R 
21 45 -18 2.65 MFGOrb_R 
  
5
8
 
Table 4: Activation position of the local maxima in MNI space in Collision test. 
 
Subject Center coordinates 
(MNI) 
t score Region Subject Center coordinates 
(MNI) 
t 
score 
Region 
x y z x y z 
Normal 
Controls 
60 -30 24 28.98 SMG_R 
LMV2009_P11 
18 -90 6 5.52 Cal_R 
57 12 15 21.31 IFGOper_R 0 -90 21 4.35 Cun_L 
42 -27 18 18.35 RolOper_R -6 -99 18 3.63 SOG_L 
-27 -60 -3 4.30 Ling_L 9 18 12 3.35 Cau_R 
-33 54 -12 3.67 MFGOrb_L 42 -81 33 3.81 MOG_R 
54 12 -27 2.87 MTPole_R 15 -90 33 3.45 SOG_R 
57 3 -21 2.72 MTG_R -3 9 3 3.42 Cau_L 
-54 -63 -3 2.72 MTG_L -33 54 15 3.22 MFG_L 
-57 -60 -12 2.28 ITG_L 66 -21 9 3.19 STG_R 
LMV2009_P10 
15 -93 0 6.26 Cal_R -48 12 0 3.03 IFGOper_L 
-15 -90 -12 6.11 Ling_L 33 -87 -18 3.03 Ling_R 
-51 -42 9 5.75 MTG_L 3 -60 3 2.95 Ling_R 
-12 0 39 3.93 MCing_L 18 -60 12 2.88 Cal_R 
-6 6 30 3.44 Acing_L 3 -69 12 2.75 Cal_R 
6 -9 36 3.08 MCing_R -18 -90 30 2.88 SOG_L 
24 -39 -3 3.31 ParaHippo_R -24 -84 21 2.80 SOG_L 
-18 9 -24 3.30 IFGOrb_L -21 -93 21 1.81 SOG_L 
-33 12 -21 2.98 STGPole_L 0 54 39 2.79 MSFG_L 
24 0 -45 3.22 Fusiform_R 48 -24 12 2.69 STG_R 
18 -3 -18 2.86 ParaHippo_R 24 -27 -9 2.57 Hippo_R 
6 48 0 2.88 MSFG_R 24 -63 63 2.37 SPG_R 
51 -66 24 2.88 MOG_R -9 45 12 2.28 ACing_L 
15 48 45 2.78 SFG_R 
LMV2010_P02 
21 -90 -15 6.89 Ling_R 
36 -18 -12 2.65 Hippo_R 54 -57 -15 4.52 ITG_R 
42 -6 -9 2.63 Insula_R -21 -87 -12 6.47 IOG_L 
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-12 48 30 2.65 SFG_L -33 -27 -15 4.15 Fusiform_L 
-18 54 33 2.18 SFG_L -18 57 3 3.68 SFG_L 
-54 -18 -24 2.64 MTG_L 6 66 -3 3.36 MFGOrb_R 
-51 -27 -18 1.89 ITG_L -3 63 0 2.78 MSFG_L 
54 -48 -21 2.43 ITG_R 33 -96 6 2.64 MOG_R 
-15 33 -15 2.23 SFGOrb_L 36 -24 48 3.41 PostCS_R 
-21 33 -21 2.15 MFGOrb_L 24 -30 78 3.18 PostCS_R 
-3 -30 78 2.08 PCLobule_L -6 -6 51 3.17 SMA_L 
LMV2009_P13 
-45 -21 3 3.70 STG_L 21 -57 75 3.36 SPG_R 
-54 -15 -6 3.49 MTG_L 39 -6 -36 2.65 Fusiform_R 
-60 -15 6 2.92 STG_L 48 -9 -36 2.47 ITG_R 
-30 18 42 3.40 MFG_L -18 -78 -3 2.92 Ling_L 
-54 0 12 3.29 RolOper_L 66 -27 -21 2.86 ITG_R 
-60 6 15 2.55 IFGOper_L 66 -30 -12 1.72 MTG_R 
-42 9 0 2.29 Insula_L -57 -12 -6 1.94 MRG_L 
51 18 9 3.23 IFGOper_R 51 -15 -24 2.79 ITG_R 
60 21 3 2.77 IFGTri_R 60 -6 -24 2.29 MTG_R 
45 12 3 2.30 IFGOper_R 48 15 12 2.01 IFGOper_R 
-6 -60 69 2.93 PreCun_L -33 45 -12 2.71 MFGOrb_L 
-6 -57 60 2.90 PreCun_L -42 42 -15 2.56 IFGOrb_L 
-9 -51 51 2.61 PreCun_L -39 33 -12 2.25 IFGOrb_L 
24 -60 27 2.93 PreCun_R 9 -63 42 2.61 PreCun_R 
24 -63 60 2.76 SPG_R 18 -57 36 1.78 Cun_R 
42 -60 30 2.41 AG_R -36 -18 69 2.54 PreCS_L 
-15 -66 48 2.59 SPG_L -27 -24 69 1.75 PreCS_L 
-9 -72 54 2.57 PreCun_L -27 21 -21 2.54 IFGOrb_L 
39 -72 6 2.48 MOG_R -21 18 -15 2.17 IFGOrb_L 
42 -72 -3 2.17 ITG_R -66 -42 3 2.54 MTG_L 
-63 -39 12 2.44 STG_L -51 -12 45 2.50 PostCS_L 
-57 -45 6 2.08 MTG_L -51 -18 36 1.68 PostCS_L 
54 -60 3 2.38 MTG_R 3 -18 6 2.40 Thalamus_R 
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57 -51 6 2.28 MTG_R 42 -60 15 2.37 MTG_R 
15 -69 51 2.34 SPG_R -51 6 0 2.35 STPole_L 
9 -60 48 1.88 PreCun_R 66 -36 12 2.33 STG_R 
-30 -84 3 2.17 MOG_L -42 -33 9 2.20 STG_L 
-42 -84 3 1.89 MOG_L 15 33 42 2.14 SFG_R 
-36 -75 3 1.71 MOG_L 51 -18 6 2.12 STG_R 
-12 -48 72 2.05 PreCun_L 60 -15 3 1.80 STG_R 
-24 -42 75 1.86 PostCS_L 18 -6 -15 2.07 Hippo_R 
39 60 9 2.00 MFG_R 60 -6 18 1.93 PostCS_R 
36 -81 21 1.96 MOG_R 69 -6 18 1.79 PostCS_R 
      63 -24 42 1.89 SMG_R 
      63 -15 42 1.87 PostCS_R 
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